A theoretical model of a combined system composed of a high-temperature proton exchange membrane fuel cell (HT-PEMFC), a regenerator and an absorption refrigerator (APR) is established, where the APR is used to absorber the waste heat from HT-PEMFC for cooling production. By taking irreversible losses within the proposed system into account, mathematical expressions of the equivalent output power and efficiency for HT-PEMFC, APR and the combined system are derived and the optimum operating regions of system performance parameters are obtained. In addition, the effects of key parameters such as operating temperature, doping level, relative humidity, proton exchange membrane thickness and some composite parameters on the combined system performance are discussed in detail. The obtained results can provide some guidelines for the integration and design of such an actual system.
INTRODUCTION
Fuel cells have been hailed as an alternative to conventional fossil fuel power generation technologies because of their high efficiency, zero toxic emissions and potential to reduce the burden of primary energy consumption. Fuel cells have great potential in a wide range of applications, including large-scale fixed generation, scattered cogeneration and portable power sources [1] [2] . In a variety of fuel cells, the proton exchange membrane fuel cell (PEMFC) is regarded as one of the most potential clean energy technologies because of its significant advantages such as fast startup, low operating temperature, immediate response ability [1] [2] [3] [4] . However, it is reported that up to half of the chemical energy in hydrogen will be eventually dissipated as waste heat in PEMFCs due to the irreversible losses resulting from electrochemical reactions and joule heat [5] . If the waste heat is not immediately removed, the accumulated heat may affect the normal operation of the PEMFC [3] [4] [5] [6] . Therefore, it is of great significance to reuse the waste heat generated from PEMFCs for other applications, as it kills two birds with one stone.
Based on the operating temperature, PEMFCs can be classified into high-temperature PEMFCs (HT-PEMFCs) and low-temperature PEMFCs (LT-PEMFCs). The HT-PEMFCs are a kind of promising technology that may overcome many problems faced in LT-PEMFCs, such as carbon monoxide (CO) poison [7, 8] , waste heat removal difficulty and comparatively complicated water management system [9, 10] . In addition, HT-PEMFC does not require a humidifier or CO removal process, so the system configuration of HT-PEMFC is simpler than that of LT-PEMFC [11, 12] . Moreover, HT-PEMFC has a higher operating temperature (120℃~200℃), which greatly simplifies the complexity of HT-PEMFC thermal management [13] [14] [15] and provides higher quality thermal energy than LT-PEMFC.
At present, most studies of HT-PEMFCs mainly focus on aspects, such as research and development of cost-effective proton exchange membranes [16] , fuel cell configuration optimization [17] , electrode structures design [18] , high-performance and low-platinum electrocatalysts and multiplatinum alloy catalysts [19] , etc. While relatively few studies have been conducted on the waste heat recovery of HT-PEMFC [20, 21] . Perna et al. [22] proposed a HT-PEMFC/organic Rankine cycle cogeneration system for providing power and heat to independent residential utilities, and the maximum electric power and the corresponding electric efficiency were found to be 27 kW and 43%, respectively. Sarabchi et al. [23] studied an electricity/heating cogeneration system composed of a HT-PEMFC, a solar methanol steam reformer and a Kalina cycle, and showed that the average dairy exergy efficiency can increase by up to 29.3. Absorption refrigerators (APRs) can be thermally activated by industrial waste heat, solar energy, geothermal and other low-grade thermal energy [24] , which offer advantages such as reliable, silent and environmentally friendly. To date, many studies have been undertaken to use APRs to recovery the waste heat from PEMFCs [26] [27] [28] [29] [30] [31] [32] . For example, Pilatowsky et al. [25] introduced a cogeneration system consisting of a LT-PEMFC and an APR, and the results showed that the cogeneration efficiency reached the maximum value of 28.6%~37.3%. Arsalis [26] put forward a HT-PEMFC/APR combined system and studied the potential of this technology in future applications. Due to the higher operating temperature, HT-PEMFCs are superior to LT-PEMFCs as the topping cycle for APRs. The technology coupling APRs to HT-PEMFCs can be widely used in scenes that electricity and cooling are both needed. For example, Lee et al. [33] proposed a combined system consisting of a HT-PEMFC and an APR to provide both electricity and cooling, and the output electrical efficiency and equivalent power of the combined system were improved by 8% and 24~50% in comparison with the single HT-PEMFC, respectively. However, the effects of various operating conditions and design parameters on the HT-PEMFC/APR combined system performance are still unrevealed. The relative studies may provide some new insights into running and designing such an actual system.
In this work, a HT-PEMFC/APR combined system is proposed to simultaneously produce electricity and cooling. The structure of this paper is organized as follows: In Section 2, each component within the proposed system is mathematically described, and the mathematical expressions for power output and efficiency of the combined system consisting of HT-PEMFC and APR are obtained. In Section 3, the general performance characteristics of the combined system are demonstrated and the optimum operating ranges for some key performance parameters are given, and the effects of some important parameters on the performance of the combined system are discussed in detail. Figure 1 . Diagram of the HT-PEMFC/APR combined system. The proposed combined system comprised of an HT-PEMFC, an APR and a regenerator, where the APR is mainly composed of a generator, an evaporator, an absorber and a condenser. As shown in the Fig. 1 , HT-PEMFC generates electrical power HT PEMFC P  and waste heat through electrochemical reactions. The rate of waste heat generated by HT-PEMFC h q is flowed to the generator at temperature T1 to drive the APR for cooling purpose; another part re q is flowed to the regenerator to recompense the regeneration losses; and the third part L q is directly leaked into the ambience [29, [34] [35] [36] . c q is the heat transfer rate of the working fluid from the cooling space at temperature c T to the evaporator at temperature 2 T . 0 q is the total heat transfer rate of the working fluid from the condenser and the absorber at temperature 3 T to the ambience at temperature 0 T . For this combined system, the waste heat generated by the HT-PEMFC can be readily used by the APR for cooling production without providing any electricity, therefore, the energy conversion efficiency is expected to be further improved.
SYSTEM DESCRIPTION
To facilitate the description of major irreversible losses, some simplified assumptions are made as follows [37] [38] [39] :  Each subsystem within the combined system is operated under stable states;  Hydrogen and air are supplied according to the generated electric current;  The working fluid temperature for the absorber and condenser are the same;  The electrical energy needed to compress hydrogen and air is neglected; Figure 2 . Diagram of an HT-PEMFC.
HT-PEMFC
As shown in Fig. 2 and finally reaches the cathode to achieve proton conduction. The anodic reaction is expressed as:
. At the same time, 2 O at cathode combines with the H + under the action of the catalyst.
The cathodic reaction is expressed as:
. The overall electrochemical reactions of
The produced electricity is delivered to the external electric circuit and the produced heat is usually rejected into the ambience without any recovery. Adopting the HT-PEMFC electrochemical model from Refs. [24, 30] , the output voltage U of a single cell is always lower than the reversible voltage E0 owing to the electrochemical irreversible losses such as activation overpotential   act E , concentration overpotential (Econ) and ohmic overpotential   ohm E
. As a consequence, the power output 
where j is the operating current density; A is the effective polar plate area of the HT-PEMFC; F is the Faraday's constant, h  is the molar enthalpy change of the overall electrochemical reactions. The output voltage U is given by [30, 42]   
where  , leak j and 0 j are the charge transfer coefficient, the leakage current density, and the exchange current density, respectively [41, 44] .
where L j stands for the limiting current density [43] .
The ohmic overpotential can be expressed as 
APR
The APR in the combined system is driven by the waste heat generated in HT-PEMFC. Once some of the waste heat of HT-PEMFC flows to the generator, the APR begins to extract heat from the cooling space [48] . By considering internal irreversible effects inside the working fluids and the external finite-rate heat transfer irreversibilities, the maximum cooling rate of the APR 0 R and its corresponding coefficient of performance ε are, respectively, given by [49] [50] [51] 
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where
I is the internal irreversible factor of the working substance, A is the total heat transfer area of the condenser and absorber.
As the exergy contents of the cooling load and electric power are different, the equivalent power output APR P and efficiency APR  for the APR can be, respectively, given as [50] [51] [52] : 
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Regenerator
The regenerator in this system is used as a counter-flow heat exchange, and the rate of regeneration loss re q is usually calculated as follows [6] :
Where re K and re A are, respectively, the heat-transfer coefficient and heat-transfer area of the regenerator.
Power output and efficiency of the combined system
The rate of heat leaked from the HT-PEMFC to the ambience L q is usually assumed in proportion to the temperature difference between the HT-PEMFC and the ambience,
Where L K is the conductive and/or convective heat-leak coefficient, L A is the corresponding heat-leak area.
According to the energy conservation law, h q can be given as [46] : 
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Generic performance characteristics
Based on the mathematical model formulated in Section 2 and the typical parameter values in Table 1 , the generic performance characteristics of the combined system can be revealed. The curves of equivalent power densities and efficiencies of the HT-PEMFC, APR and combined system varying with the operating current density can be obtained, as shown in Fig. 3 , where respectively. It is observed that the equivalent power densities of the HT-PEMFC, APR and combined system first grow and then reduce as j is increased, while their equivalent efficiencies ongoingly decrease with the increasing j Fig. 3 and 3.5%, respectively. Both the equivalent power density of the combined system and its corresponding efficiency are greater than either that of the HT-PEMFC or that of the APR. It clearly shows that the proposed combined system performance gains obvious improvement by integrating an APR. For the parameters in Table 1 , numerical calculations show that the equivalent output power density and efficiency of the combined system are improved by 7.9% and 14.3% in comparison to that of the sole HT-PEMFC, respectively. 
Parametric studies
As shown by the established mathematical model, the performance of the combined system not only depends on the phosphoric acid doping level, relative humidity of proton exchange membrane, some comprehensive parameters related to heat-transfer irreversibility and operating temperature but also depends on the proton exchange membrane thickness. In this section, the impacts of these parameters on the combined system performance will be discussed in detail and the results of this model are compared with the other HT-PEMFC-based hybrid systems.
Effects of DL
DL refers to the number of phosphoric acid molecules around each polybenzimidazole. The PA/PBI membrane can reduce the dependence on water and increase the number of donors and acceptors, and thus a higher DL improves the conductivity of HT-PEMFC as well as the overall performance of the combined system. Figure 4 . Effect of the doping degree on the equivalent power density and efficiency of the combined system.
As shown in Fig. 4 , both P  and  increase with DL in the whole region of, j and the effects of DL on P  and  become insusceptible as DL increases. In addition, both P j and max P  shift to larger values as DL increases. Although a larger DL benefits the system performance improvement, the mechanical strength of PA/PBI membrane becomes weaker at the same time.
Effects of Rh
Rh is another parameter that affects the conductivity of proton exchange membrane for HT-PEMFC and therefore affects the ohmic overpotential of the HT-PEMFC. Thus, Rh is crucial to the HT-PEMFC performance as well as the combined system performance. As shown in the Fig. 5 , the influence of Rh on P  and  is obvious when j is between 5000 A m -2 and 20000 A m -2 . When j is less than 5000 A m -2 , Rh has almost no influence on the system performance. Rh grows from 0 to 7.6%, while P  and P j are almost unchanged. In recent years, researchers are dedicated to reducing the design complexity and additional power for the inlet gas humidification. 
Effects of

Effects of T
The HT-PEMFC operating temperature T is a key operating condition that affects the HT-PEMFC performance as well as the APR performance. As seen from Eqs. (3) - (6), T mainly affects 0 E , act E , con E and ohm E and thus impacts U . It is observed from Therefore, a higher T is beneficial for HT-PEMFC performance improvement, as shown in Fig.  8 (b) . Besides, the temperature difference ( 0 TT  ) between HT-PEMFC and the environment is increased as T rises, which creates a bigger h q and improves the performance of APR as shown in Fig.   8 (b) . In general, an increasing T is beneficial for the performance improvement of the combined system, as shown in Fig. 8 (c) . Fig. 8 The thickness of the electrolyte tmem has a great influence on the performance of the fuel cell. As illustrated in Fig. 9 (a) , a higher mem t greatly increases the HT-PEMFC ohm overpotential ohm E . This is because the larger electrolyte thickness increases the impedance of the ions transport, which affects the power output of HT-PEMFC as well as the equivalent output power density and efficiency of the combined system. It can be seen from Fig. 9 (b) that both * and  are monotonically decreasing functions of mem t . In addition, max P  and P  are greatly reduced with mem t .
Model comparison
To further verify the correctness and validity of the HT-PEMFC and APR combined system model presented here. We compared the maximum power densities at different temperatures with the Guo's HT-PEMFC combined system where the bottoming cycle can be functioned as either an absorption heat pump for heating or an absorption refrigerator for cooling hybrid system [56] and Lee's HT-PEFC combined system where an APR was integrated [33] , as depicted in Fig. 10. From Fig. 10 , we can see that the maximum output power densities of the three systems increase with the increase of temperature in the range of 423~473 K. The present combined system maximum power density is almost the same as that of Lee' model [33] , while it is smaller than that of the Guo's model. This is because Guo's absorption refrigerator model did not consider the internal irreversible losses inside the working fluid. The results show that the proposed combined system model is reliable and can be regarded as an effective way to enhance the HT-PEMFC performance. Figure 10 . Maximum power density comparisons between the present combined system and the Guo's combined system [56] and Lee's combined system [33] .
CONCLUSIONS
In order to reuse the waste heat of HT-PEMFC, an APR is integrated with the fuel cell for cooling production. By considering the existing thermodynamic-electrochemical irreversible losses within the combined system, the equivalent power output and efficiency of the HT-PEMFC, the APR and the proposed system are calculated. The generic performance characteristics and optimum ranges of the operating current density are derived. Compared with the single HT-PEMFC, the maximum equivalent output power density and its corresponding efficiency for the combined system are increased by 7.9% and 14.3% respectively. The effects of the operating temperature, operating current density and proton exchange membrane thickness, phosphoric acid doping level, relative humidity of HT-PEMFC, and some crucial composite parameters related to thermodynamic losses on the combined system performance are discussed. The obtained results are useful for the integration and design of an actual combined system.
